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Available online 5 March 2008Sterols impart signiﬁcant changes to the biophysical properties of lipid bilayers. In this regard the impact of
cholesterol on membrane organization and dynamics is particularly well documented and serves for
comparisonwith other sterols. However, the factors underlying the molecular evolution of cholesterol remain
enigmatic. To this end, cholesterol attenuates membrane perturbation by the so-called antimicrobial peptides
(AMPs), produced ubiquitously by eukaryotic cells to combat bacterial infections by compromising the
permeability barrier function of the microbial target membranes. In the present study, we addressed the
effects of cholesterol, ergosterol, and lanosterol on the membrane association of two structurally and
functionally diverse AMPs viz. LL-37(F27W) and temporin L (TemL) using ﬂuorescence spectroscopy.
Interestingly, sterol concentration dependent effects on the membrane association of these peptides were
observed. At XSterol=0.5 cholesterol was most effective in reducing the membrane intercalation of both LL-37
(F27W) and TemL, the corresponding efﬁciencies of the three sterols decreasing as cholesterolN lanosterol≥
ergosterol, and cholesterolN lanosterolNergosterol. It is conceivable that part of the selection pressure for the
chemical evolution of cholesterol may have derived from the ability to protect the AMP-secreting host cell
from the membrane damaging action of the antimicrobial peptides.
© 2008 Elsevier B.V. All rights reserved.Keywords:
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Lanosterol, ergosterol, and cholesterol are found in prokaryotic
membranes, lower eukaryotes like fungi, and as a major component
(up to 50 mol%) of the plasma membrane of mammalian cells,
respectively, with crucial roles in the organization, dynamics,
function, and sorting in these assemblies [1,2]. Although the overall
chemical structures of the above sterols are similar (Fig. 1) with
hydrophobic and planar fused tetracyclic rings, six carbon atom side
chains, and an OH-group at position 3, there are also distinct
differences [3]. Accordingly, cholesterol, lanosterol, and ergosterol
have one, two, and three double bonds. The absence of methyl group
at position 4 presumably provides ﬂatness and better ordering
properties (or ﬁtting into phospholipid bilayers) to cholesterol and
ergosterol, compared to lanosterol [2], their biosynthetic precursor.olecular quenching constant;
iaminetetraacetic acid; Lano,
y Trp; LL-37, native LL-37; L/P,
iquid ordered phase; ld, liquid
PC, phosphatidylcholine; PG,
er; Spm, sphingomyelin; SOPC,
lid ordered phase; KSV, Stern–
maximum; TemL, temporin L
innunen).
ll rights reserved.Extensive studies conducted during the last three decades have
addressed the relationship between the effects of cholesterol on the
physicochemical characteristics of model membranes and functions of
biomembranes [4,5]. The condensing and acyl chain ordering effects of
cholesterol on phospholipids in their liquid disordered (ld) state is well
established and are assigned to the rigid ring structure of the sterol
limiting trans→gauche isomerization of vicinal phospholipid acyl
chains. Instead, below the chain melting transition (in the solid
ordered phase, so) cholesterol has a disordering effect [4]. Investiga-
tions on the phase diagrams for cholesterol and phospholipids have
revealed the existence of the so-called liquid-ordered (lo) phase, in
addition to the so and ld phases [6]. The lo phase is characterized by
high conformational and low positional order, further allowing for
lipid exchange between coexisting lo and ld phases. The effects of
sterols on phospholipids containing an unsaturated sn-2 chain are
more complex compared to lipids with saturated hydrocarbon chains
[7]. Pure SOPC exhibits a fully reversible gel to ld phase transition at
6 °C while at XChol≥0.25 the lo phase is formed, involving cholesterol
rich and cholesterol poor domains [8]. There is evidence indicating
that the lipid bilayers of biological membranes should be in the lo state
to perform their biological functions [9].
Recent studies have reported comparison of the effects of e.g.
cholesterol, ergosterol, and lanosterol on the properties of lipid
bilayers, assessed by micropipette aspiration [10,11], vesicle ﬂuctua-
tion analysis [12], NMR [2], and thermal phase behavior [13].
Fluorescence anisotropy measurements [3] and molecular dynamics
Fig. 1. Chemical structures of lanosterol (A), ergosterol (B), and cholesterol (C).
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membranes show that interactions between these lipids depend on
the structure of the sterol side chain and the tetracyclic nucleus.
Formation of the lo phase by ergosterol (at XErgo≥0.3) has been
recently demonstrated [15,16] whereas lanosterol is the weakest in
promoting the lo phase and has the least effect on phase segregation
[13,17]. Due to its more bulky unsaturated side chains and sterol
nuclei it induces the smallest acyl chain order parameter increase of
the ﬂuid bilayers at high sterol concentrations (X≥0.3) and is less
effective membrane rigidiﬁer at higher contents [3]. Hsueh et al. [18]
showed using 7-dehydrocholesterol (which has the steroid structure
of ergosterol and the side chain of cholesterol) a reduced ability to
order POPC acyl chains compared to cholesterol and concluded that
both the fused rings and the more ﬂexible side chain are important
determinants of lipid–sterol interactions. Yeagle [19] and Urbiana
et al. [20] demonstrated that cholesterol is more effective than
lanosterol in increasing the conformational order of lipid acyl
chains. The acyl chain ordering efﬁciency for POPC as obtained from
2H-NMR order parameter (M1) was cholesterolN lanosterolNergos-
terol [10]. These sterols also increase lysis tension and M1 values
in the same sequence of efﬁciency. Dahl et al. [7] showed that
cholesterol reduces membrane permeability more effectively than
lanosterol.
Antimicrobial peptides (AMPs) constitute a key element of innate
immunity in all organisms and consist of a still increasing number of
structurally related families [21] thought to act primarily by
permeabilizing the membranes of the target microbes [22]. Factors
which govern the efﬁciency of membrane lysis by AMPs are their
cationic charge, peptide helicity, hydrophobic moment, hydrophobi-
city, and the size of the amphipathic domain [23,24]. Two examples
are LL-37 [25,26], which is produced by humans, and temporin L
(TemL), one of the most membrane active peptides of the temporin
family [27], present in skin secretions of the European red frog Rana
temporaria. While these peptides belong to different families of AMPs
and differ in size, structure and sequences, they are both hemolyticand cytolytic at higher (N10 µM) concentrations. Further, they are
amphiphilic and bear net charges of +6 and +3, respectively, with
increased α-helicity upon association with phospholipids [28,29].
Acidic phospholipids have been suggested to provide the molecular
targets of AMPs in the outer surface of microbes [30,31]. TemL
(FVQWFSKFLGRIL-NH2) induces segregation of acidic phospholipids
and formation of microdomains with lipid-bound peptide [32]. It has
been proposed that LL-37 permeabilizes membranes by forming a
local carpet [25] whereas TemL would act by the barrel stave
mechanism [32]. LL-37 forms tetramers and higher oligomers in
solution [33]. We have shown that both LL-37 [28] and TemL [34]
assemble in the presence of acidic phospholipids into Congo red
staining amyloid-type ﬁbers, similarly to a number of cytotoxic and
apoptotic proteins [30,35]. Based on these ﬁndings we have
proposed AMPs to exert their toxicity by the same mechanism of
membrane permeabilization as Aβ, the paradigm for amyloid
forming peptides and the causative factor for Alzheimer's disease
[30,34,35].
A major open question concerns the chemical evolution of sterol
structures [36]. In this regard comparison of the effects imparted by
these sterols on the physicochemical characteristics of lipid bilayers
are of interest. However, the ﬁnal selection pressure should be related
to biological functions, not physicochemical properties per se.
Cholesterol has been shown to attenuate the membrane association
of some AMPs [22,28–30,37,38] and this has been suggested to protect
the host cell from membrane permeabilization by these peptides
[29,37]. Ergosterol has been suggested tomake fungi more susceptible
to the antimicrobial peptide pleurocidin and this effect was suggested
to correlate to the weaker acyl chain ordering effect by this sterol [39].
Yet, we are not aware of systematic comparison of cholesterol,
ergosterol and lanosterol. LL-37(F27W) [LLGDFFRKSKEKIGKEFKRIVQ-
RIKDWLRNLVPRTES] is an LL-37 mutant with Phe27 replaced by Trp
and possessing essentially similar antibacterial and membrane
associating properties as the native peptide [28]. We compared the
binding of two structurally different AMPs, TemL and LL-37(F27W), to
SOPC membranes containing cholesterol, ergosterol, and lanosterol
using their intrinsic Trp ﬂuorescence. Membrane association of both
peptides was dependent on the type and content of sterol in themodel
membranes. At XSterol=0.5 cholesterol was most effective in reducing
the membrane binding of both peptides, followed by lanosterol and
ergosterol. The relevance of these results to the chemical evolution of
sterols is discussed.
2. Experimental procedures
2.1. Materials
Hepes, EDTA, and acrylamide were from Sigma. 1-Stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (SOPC), cholesterol, ergosterol, and lanosterol were from Avanti Polar
Lipids (Alabaster, AL). The purity of lipids was checked by thin-layer chromatography
on silicic acid coated plates (Merck, Darmstadt, Germany) developed with a
chloroform/methanol/water mixture (65:25:4, v/v/v). Examination of the plates after
iodine staining, and when appropriate, upon UV illumination revealed no impurities.
Lipid concentrations were determined gravimetrically with a high precision electro-
balance (Cahn, Cerritos, CA). LL-37(F27W) mutant and Temporin L were made by
Synpep (Dublin, CA). Their purities (N98%) were veriﬁed by HPLC and mass spectro-
metry. The other chemicals were of analytical grade and from standard sources. All
experiments were conducted in 5 mM Hepes, 0.1 mM EDTA, pH 7.0 unless otherwise
indicated.
2.2. Preparation of large unilamellar vesicles (LUVs)
Appropriate amounts of the lipid stock solutions were mixed in chloroform to
obtain the desired compositions. The solvent was removed under a stream of nitrogen,
and the lipid residues were subsequently maintained under reduced pressure for at
least 2 h. The dry lipids were then hydrated at 60 °C for 1 h in 5 mM Hepes and 0.1 mM
ethylenediaminetetraacetic acid (EDTA, pH 7.0). The resulting dispersions were
extruded through a stack of two 100 nm pore size polycarbonate ﬁlters (Millipore,
Bedford, MA) using a Lipofast low-pressure homogenizer (Avestin, Ottawa, ON) to
produce LUVs with an average diameter between 90 and 110 nm as veriﬁed by dynamic
light scattering [40].
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All ﬂuorescence measurements were performed in one cm pathlength quartz
cuvettes. LUVs were added to a solution of LL-37(F27W) and TemL (3 μM ﬁnal
concentration) in 5 mM Hepes, 0.1 mM EDTA, pH 7.0 maintained at 25 °C in a total
volume of 2 ml. After equilibration of 1 h ﬂuorescence spectra were measured with a
Perkin Elmer LS 50B spectrometer with both emission and excitation bandpasses set at
5 nm. The Trp residues of LL-37(F27W) and TemL were excited at 280 nm and
emission spectra recorded from 290 to 450 nm, averaging ﬁve scans. Spectra were
collected as a function of lipid/peptide molar ratio and corrected for the contribution
of light scattering in the presence of vesicles. Blue shifts were calculated as the
differences in center of mass of the emission spectra. S.D. in the blue shift was less
than 0.5 nm.
2.4. Quenching of Trp emission by acrylamide
To reduce absorbance by acrylamide, excitation of Trp at 295 nm instead of 280 nm
was used [41]. Aliquots of a 3.0M solution of this water-soluble quencher were added to
the peptide solutions in the absence or presence of liposomes at a peptide/lipid (P/L)
molar ratio of 1:80. The values were corrected for dilution and scattering, the latter
derived from acrylamide titration of a vesicle blank. The data were analyzed according
to the Stern–Volmer equation [42]:
F0=F ¼ 1þ KSV Q½ 
where F0 and F represent the ﬂuorescence intensities in the absence and the presence of
the quencher (Q), respectively, and Ksv is the Stern–Volmer quenching constant, which
reﬂects the accessibility of Trp to acrylamide. On the premise that acrylamide does not
signiﬁcantly partition into the membrane bilayer [43], the value for Ksv can be
considered to provide a measure of the bimolecular rate constant for the collisional
quenching of the Trp residue present in the aqueous phase. Accordingly, Ksv depends on
the amount of free peptide in solution, the fraction of the peptide residing in the surfaceFig. 2. Change in the emission maximum of Trp ﬂuorescence of LL-37(F27W) in the presence o
(panel D) of cholesterol (•), lanosterol (△), and ergosterol (▴). The ﬁnal concentration of LL-3
EDTA, pH=7.0. The temperature was maintained at 25 °C with a circulating water bath.of the bilayer, and the depth of its time-averaged intercalation into the acyl chain region
of the lipid bilayer.
3. Results
The acidic phospholipids in the outer surface of microbes have
been suggested to provide the targets for AMPs, required for their
efﬁcient binding to the membranes and subsequent oligomerization,
resulting in the loss of membrane barrier functions [29,30]. Equally
important as the sensitivity of the target membranes to AMPs is the
ability of the host cells producing these peptides to resist their
membrane damaging action. Along these lines, cholesterol has been
shown to prevent the membrane intercalation of TemL [28],
magainin [36], and LL-37 [38], suggesting that this lipid could
indeed protect eukaryotic cells from AMPs. Accordingly, it was of
interest to study how different sterols viz. lanosterol, ergosterol, and
cholesterol, compared in this respect. For this utility we employed
liposomal membranes with increasing content of the above sterols
to investigate their impact on the membrane association of two
AMPs, TemL and LL-37(F27W), a mutant of LL-37 with Phe at
position 27 replaced by Trp. This substitution has a minimal impact
on the lipid binding and antimicrobial properties of this peptide
[28], while allowing to use ﬂuorescence spectroscopy to characterize
its lipid binding properties. Native TemL contains Trp in its sequence
and has been utilized to assess the binding of this peptide to lipids
[29].f neat SOPC liposomes (□) and with X=0.1 (panel A), 0.2 (panel B), 0.3 (panel C), and 0.5
7(F27W) is 3 µM in all the experiments in a total volume of 2mL of 5 mMHepes, 0.1 mM
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TemL
Because of its sensitivity to the environment Trp ﬂuorescence is a
convenient tool to study membrane–peptide interactions. In brief, in
an aqueous environment Trp emission has a maximum λmax at
350 nm, which shifts to higher energies (lower wavelength) in a less
polar milieu [29]. This is readily evident from the spectra measured for
LL-37(F27W) in buffer and in the presence SOPC liposomes, the latter
producing a decrease by 14 nm in λmax, thus indicating this residue to
become accommodated in the hydrocarbon phase of the lipid bilayer.
Interestingly, upon increasing XSterol for cholesterol, ergosterol, and
lanosterol from 0 to 0.5, judged from the values of λmax, the
hydrophobicity of the environment of W27 progressively decreases
(Fig. 2), revealing change in the mode of membrane association of LL-
37(F27W). Yet, there are signiﬁcant quantitative differences between
the three sterols. At XSterol=0.1 and 0.2 (Fig. 2, panels A and B)
lanosterol was most effective in attenuating the membrane insertion
of LL-37(F27W) whereas at X=0.5 cholesterol is most efﬁcient, with
essentially similar yet somewhat smaller effects by lanosterol and
ergosterol. Interestingly, as XSterol in the membrane increases also the
kinetics of membrane association are altered (Fig. 2, panels A to D). In
pure SOPC the addition of LL-37(F27W) causes ﬁrst a steep increase in
Δλmax until at L/P≤20, followed by a plateau at L/P≥40. The initial
increment is attenuated with increasing XSterol and disappears at
XSterol≥0.3. Accordingly, at L/P=20, the change in Δλmax was 11 nm forFig. 3. Similar data as in FLL-37(F27W) in neat SOPC liposomes, whereas at XSterol=0.3 the value
for Δλmax was 2 to 3 nm, suggesting efﬁcient inhibition of the
intercalation of W27 into the lipid bilayers due to the sterols. This
effect is maximal at XSterol=0.5 and for instance at L/P=100 the value
of Δλmax is 14 nm for neat SOPC liposomes, whereas, for cholesterol
Δλmax is 4 nm, with 6 nm shifts for both lanosterol and ergosterol.
Similar biphasic behavior as described above for LL-37(F27W) is
evident also for the binding of TemL to neat SOPC membranes, with
the magnitude of the initial phase of membrane association decreas-
ing with increasing XSterol (Fig. 3). For TemL maximum blue shift of
12 nm in Trp ﬂuorescence is seen in neat SOPC membranes, in
comparison to 14 nm measured for LL-37(F27W). There is an
insigniﬁcant difference in Δλmax for TemL in the presence of sterols
at XSterol=0.1 and in neat SOPC membranes (Fig. 3, panel A). At
XSterol=0.2 attenuated shift of Δλmax by 9 nmwas observed at L/P≤40,
however, the overall change in Δλmax for TemL is similar to that in
SOPC (Fig. 3, panel B), implying that at this content no particular sterol
was more effective in attenuating the membrane insertion of TemL.
However, at XSterol≥0.3 (Fig. 3, panels C and D) cholesterol is most
effective in preventing the membrane intercalation of TemL with the
shift in Δλmax being reduced to 5 nm. Compared to cholesterol and
lanosterol a very different behavior with ergosterol (X≥0.3) contain-
ing membranes was evident. Accordingly, at L/P≤20 the values for
Δλmax are approx. 4 and 1 nmwith XErgo=0.3 and 0.5 (Fig. 3, panels C
and D), respectively, whereas a sharp increase in Δλmax is observed at
L/P≥20 remaining almost constant after at L/P≥60. The aboveig. 2 but using Tem L.
Table 1
The values of the Stern–Volmer constant Ksv for the quenching of LL-37(F27W) and
TemL by acrylamide in buffer and in the presence of liposomes (L/P=80) with the
indicated sterol compositions
Liposomes Ksv
LL-37 TemL
Buffer 11.8±0.50 12.0±0.50
SOPC 1.38±0.04 2.7±0.06
XChol=0.1 1.74±0.16 3.1±0.08
XChol=0.2 3.16±0.19 3.6±0.08
XChol=0.3 4.18±0.27 4.0±0.13
XChol=0.5 5.66±0.25 7.5±0.15
XErgo=0.1 1.52±0.08 2.4±0.04
XErgo=0.2 2.81±0.13 2.5±0.07
XErgo=0.3 4.05±0.10 2.8±0.04
XErgo=0.5 4.66±0.20 3.2±0.08
XLano=0.1 2.16±0.14 2.4±0.04
XLano=0.2 2.94±0.09 3.0±0.10
XLano=0.3 3.12±0.14 3.9±0.08
XLano=0.5 4.74±0.16 4.4±0.09
Fig. 4. Stern–Volmer plots for the quenching of Trp ﬂuorescence of LL-37(F27W) (panel
A) and TemL (panel B) by acrylamide in buffer (○), in the presence of neat SOPC (□)
liposomes and with X=0.5 of cholesterol (●), ergosterol (▴), and lanosterol (▵). The
excitation wavelength was 295 nm with excitation and emission bandpasses of 7 nm.
The ﬁnal concentration of peptides and SOPC were 3 µM and 240 µM, respectively,
(corresponding to L/P=80) in a total volume of 2 mL of 5 mM Hepes, 0.1 mM EDTA,
pH=7.0. The temperature was 25 °C.
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membrane compositions.
3.2. Quenching of Trp by acrylamide
As suggested by the 14 and 12 nm shifts in the emission maxima
Δλmax of Trp ﬂuorescence of LL-37(F27W) and TemL, respectively, in
the presence of neat SOPC membranes at L/P=100 this residue in both
peptides is likely to become accommodated in the hydrophobic region
of the bilayers. The above experiments further revealed the three
sterols to have distinct impact on the environment of the Trp residues
in LL-37(F27W) and TemL, causing them to reside in a less
hydrophobic milieu. To study if this effect of sterols was accompanied
by augmented exposure of the Trps to the aqueous medium we
determined their access to acrylamide, a water soluble collisional
quencher [29]. In buffer Stern–Volmer constant Ksv of 11.8 and 12.0
weremeasured for LL-37(F27W) and TemL, indicating direct contact of
their Trps to the aqueous phase. In the presence of SOPC LUVs the
values for Ksv decrease signiﬁcantly, to 1.4 and 2.7, respectively (Table
1), conﬁrming the Trps in both peptides to become embedded within
the hydrocarbon phase of the bilayers. The addition of sterols into the
SOPC membranes shifted Ksv towards the values in buffer. Stern–
Volmer plots for Trp ﬂuorescence of LL-37(F27W) and TemL (Fig. 4,
panels A and B, respectively) recorded in the presence of different
sterols (XSterol=0.5) reveal cholesterol to be more effective than
ergosterol and lanosterol in promoting the exposure of the Trps in
these peptides to the aqueous phase yielding, Ksv of 5.7 and 7.5 for LL-
37(F27W) and TemL, respectively (Table 1). At XSterol=0.5 the order of
efﬁciency in attenuating the membrane insertion of LL-37(F27W) is
cholesterolN lanosterol≈ergosterol, whereas for TemL it is cholester-
olN lanosterolNergosterol (Table 1).
4. Discussion
We addressed the impact of increasing contents (from XSterol=0.1
to 0.5) of cholesterol, ergosterol, and lanosterol in SOPC on the
membrane intercalation of two AMPs, LL-37(F27W) and TemL.
Binding isotherms derived from changes in Trp ﬂuorescence and its
quenching by acrylamide were used to assess the extent of membrane
association of these peptides. Our results show that sterol content
regulates the binding of these AMPs to liposomes causing changes
speciﬁc for sterol structure and peptide. At XSterol≤0.2 the degree of
membrane insertion of the peptides was peptide speciﬁc. Accordingly,
membrane association of LL-37 was dependent on the type of sterol
whereas no clear differences between the sterols in their impact on
the membrane binding of TemL were evident (Fig. 3, panels A and B).More speciﬁcally, as judged from the changes inΔλmax (Fig. 2, panels A
and B) and Ksv (Table 1) at XSterol≤0.2 lanosterol was most effective in
attenuating the membrane insertion of LL-37(F27W), followed by
ergosterol and cholesterol. It is conceivable that augmented lipid
packing due to sterols in particular in the vicinity of the headgroup
zone (i.e. where the sterol ring structure is accommodated) could
prevent intercalation of the AMPs. Experimental data demonstrate
cholesterol to be more efﬁcient in increasing acyl chain order than
lanosterol [7]. Accordingly, our ﬁndings suggest that at XLano≤0.2
there must be parameters other than augmented lipid packing
contributing to the membrane stabilizing effect of lanosterol, perhaps
related to the location of sterol in the membrane. Interestingly, at
lower sterol contents subtle differences in the location of cholesterol
and lanosterol from the center of bilayer and mobility in the bilayer
were observed in molecular dynamics simulations [44] and compared
to cholesterol, lanosterol was found reside closer to the center of the
bilayer. Mannock et al. further concluded a fraction of lanosterol to
reside parallel to the interface, on the membrane surface [13]. Ac-
cordingly, detailed studies are warranted to characterize the changes
induced by lanosterol XLano≤0.2 in the biophysical characteristics of
the bilayer.
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TemL at L/P≥20 whereas this behavior was not observed for LL-37
(F27W). TemL is short consisting of only 13 amino acids and causes
signiﬁcant morphological changes in neat SOPC membranes [32],
rupturing membranes by a mechanism most likely requiring initially
peptide dimerization [29]. Sterols cause augmented acyl chain order
and lipid packing together with increased membrane thickness. As a
consequence membrane penetration could become more difﬁcult.
Due to its bulky side chain ergosterol does not pack efﬁciently with the
phospholipid acyl chains thus resulting in less ordered bilayers. It
seems that L/P=20 is a threshold value for TemL at XErgo≥0.3 and with
increasing L/P ratio its membrane penetration efﬁciency increases,
resulting in values of Δλmax and Ksv similar to those observed for neat
SOPC membranes. This change in the membrane insertion of TemL
thus depends on the surface concentration of the peptide. It is possible
that ergosterol may attenuate the oligomerization of TemL in a
competitive manner. Yet, veriﬁcation of this possibility requires
further studies.
Least changes in Δλmax (Figs. 2 and 3, panel D), together with high
values of Ksv (Table 1) at XSterol=0.5 reveal cholesterol to be the most
effective of the three sterols in preventing the intercalation of both
LL-37(F27W) and TemL into the membrane, in keeping with this
sterol being also most efﬁcient in ordering phospholipid acyl chain
[19]. The reason for differential ordering effects induced by these
sterols at this concentration is likely to lie in the geometrical
constraints relevant for their packing with SOPC. Compared to
lanosterol and ergosterol the rigid and planar geometry of cholesterol
makes it ﬁt best to phospholipids, hence effectively attenuating
membrane insertion of these peptides. It seems feasible that at 1:1
SOPC:sterol ergosterol due to its rigid and bulky side chain and
lanosterol due to its methylated sterol ring (Fig. 1) are unable to pack
effectively with the phospholipid. These results are in line with
previous studies, which have shown ergosterol (XErgo=0.3) to be less
effective than cholesterol in condensing unsaturated PC monolayers
[45] and in reducing the passive permeability of polar molecules and
ions through mixed bilayers [46]. Further, the presence of the
additional methyl group at C24 and a double bond in the side chain in
ergosterol increases the alkyl chain volume, thus reducing its
condensing effect [3].
5. Conclusions
AMPs exhibit concentration dependent arrangement in the surface
of membranes. More speciﬁcally, at low surface densities (high L/P
ratio) these amphiphilic peptides have been suggested to reside on the
membrane surface in the so called S-state whereas at high densities
(low L/P) they would be in the I-state, inserted into the bilayer [47]. To
conclude, changes in Trp emission and Ksv indicate that both LL-37
(F27W) and TemL bind to neat SOPC and sterol containingmembranes,
however, the presence of sterols attenuates membrane intercalation,
leading tomore superﬁcial location of the peptide in the bilayers and at
XSterol=0.5 it follows the order cholesterolN lanosterolNergosterol for
TemL, and cholesterolN lanosterol≈ergosterol for LL-37(F27W). The
evolution of membrane sterol structure has been extensively studied
[36]. While sterols such as lanosterol, ergosterol, and cholesterol differ
in their effects on the biophysical properties of sterol-phospholipid
composite membranes the factors constituting the selection pressure
for their chemical evolution have remained poorly understood. While
it is likely that several issues were involved, it is also obvious that it a
biological functionwhich has been the critical factor, not a biophysical
property as such. To this end, combat of eukaryotes against invading
microbes by AMPs has represented a deﬁnitive factor improving the
survival of the AMP producing cells. The recognition and sensitivity of
the target microorganisms to AMPs has been concluded to be due to
the presence of acidic phospholipids in the outer surface of their
membranes [31]. However, of equal importance is the development ofresistance of the membranes of the AMP producing host cell to the
action of these membrane damaging peptides. Along these lines, most
efﬁcient blocking of the membrane intercalation of AMPs appears to
be achieved by the combination of sphingomyelin and cholesterol,
which are both abundant in the outer leaﬂet of mammalian cell
plasmamembranes [28]. Our present results suggest that the chemical
evolution of sterol structure could have in part been driven by
improving the resistance of host cell membranes to AMPs, thus
promoting their survival without compromising the efﬁciency of
AMPs for target cell killing.
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